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We present a complete characterization of the unit cell dynamics of a laser-excited tellurium crystal
using femtosecond x-ray diffraction. The analysis offers a quantitative measure of the unit cell dynamics
without making any assumptions on the symmetry of the excited-state motion. The results show a large-
amplitude coherently excited A1 mode quantitatively consistent with the predictions of a density func-
tional theory model.
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The most fundamental time scale for structural dynam-
ics in a crystal is set by the period of its vibrations. Along
with the development of new sources of short subpico-
second pulses of x rays and electrons [1–5], there is a
rapidly building interest in the development and use of
diffraction-based techniques to experimentally character-
ize these vibrations and how they relate to the electronic
states ultimately responsible for holding the crystal to-
gether [3,6–9]. In order to completely understand the dy-
namics of structure in response to a perturbation, the ideal
diagnostic tool is the ability to construct a 3D ‘‘movie’’ of
atom positions in the unit cell that allows us to draw
conclusions without making a priori assumptions about
the motion we expect to see and with enough time resolu-
tion to see the relevant dynamics. Femtosecond x-ray
diffraction offers the promise of exactly this kind of
measurement.
The intensity of x-ray diffraction peaks is strongly re-
lated to the atomic structure of the unit cell via the structure
factor
F ¼X
j
fje
iGrjeWj; (1)
where the index j runs over all basis atoms, fj is the
scattering form factor, G is a reciprocal lattice vector
(equivalent to the momentum transfer from the crystal to
the x rays), rj is the average position of basis atom j
relative to a lattice point, and the Debye-Waller factor
eWj represents the attenuation of the peak due to deviation
of the basis atom j throughout the crystal from its average
position. In situations where kinematic theory is a good
approximation, the scattered x-ray intensity I at a given
diffraction peak follows the relation I  jFj2. Conven-
tional x-ray crystallography uses this to determine the
average positions and variances of all atoms in the unit
cell by careful measurement of a large number of peaks
with different values of G.
To achieve high time resolution with x-ray diffraction,
one method is to employ a ‘‘pump-probe’’ scheme, where a
crystal is repeatedly excited by an intense short optical
pulse and the x-ray diffraction is subsequently probed by a
short x-ray pulse. By adjusting the relative delay of the two
pulses, it becomes possible to track the structural changes
in the crystal in response to optical excitation. A full unit
cell characterization using such a technique has been dem-
onstrated with 150 ps time resolution and 1.8 A˚ spatial
resolution for a myoglobin crystal, allowing us to watch
how this protein functions as a CO ligand is swept away
from its primary docking site after optical excitation [10].
In this Letter, we show a similar kind of structural recon-
struction from x-ray diffraction data for a much simpler
crystal of tellurium, but with a considerably higher time
resolution and spatial precision which allow us to see and
characterize the motion of some of the fastest optical
modes. This reconstruction does not rely on any assump-
tions about the symmetry of the coherent motion, and it
allows us to test experimentally a preexisting model of how
the bonding in this crystal is affected by the energy distri-
bution of electrons.
For our measurements of the transient dynamics of a
laser-excited crystal, we focus on a single crystal of tel-
lurium. Under equilibrium conditions at room temperature,
tellurium has space group P3121 (or the enantiomorphic
group P3221) and a three atom basis arranged around a
screw axis parallel to the c axis of the hexagonal unit cell,
forming a helical structure. Figure 1 shows a sketch of the
unit cell, along with the six optical eigenmodes at zero
wave vector. The average motion of the basis atoms within
the unit cell causes changes in the x-ray intensity via rj ¼
rð0Þj þ
P
sQ0s
j
0s, where r
ð0Þ
j is the equilibrium position of
atom j, Qks is the coordinate for the vibrational mode with
wave vector k and branch index s, and jks is the corre-
sponding eigenvector for basis atom j. These eigenvectors
form complete orthonormal sets [11] by the conditionP
jðjksÞ  jks0 ¼ ss0 . If we approximate the atomic vari-
ance of the tellurium basis atoms as isotropic, we may
write Wj ¼ G2hu2i=6, where G ¼ jGj and hu2i is the
variance of the atomic position. In thermal equilibrium,
the variance is hu2ieq ¼ 490 12 pm2 at 293 K [12].
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Expanding Eq. (1) to first order inQ0s and hu2i ¼ hu2i 
hu2ieq gives
I
Ieq
¼ 1þ 2X
s
Im
P
jðG  j0sÞeiGr
ð0Þ
j
P
j e
iGrð0Þj

Q0s  13G
2hu2i;
(2)
where Ieq is the equilibrium intensity of the diffraction
peak. Measurements of the normalized diffracted intensity
for several different values of G allow us to construct a
system of linear equations that may be inverted to obtain
values for the six optical mode coordinates Q0s (s ¼
1 . . . 6) and the change in atomic variance hu2i. A mini-
mum of seven such reflections are required, provided the
chosen peaks form a linearly independent set of equations.
Measurement of additional reflections would allow greater
precision and/or a relaxation of the assumption that the
atomic variance is isotropic.
The femtosecond x-ray diffraction from a single crystal
of tellurium with a (011) surface was measured at an x-ray
photon energy of 7.15 keV using a synchrotron slicing
source in a pump-probe grazing incidence geometry [4].
For all measurements, the angle of x-ray incidence was
kept fixed at 0.45 to limit the field attenuation length of
the x rays to 39 nm [14]. The crystal was excited by a
femtosecond duration laser pulse (800 nm, 115 fs, 1 kHz)
at a grazing incidence angle of 9.4 with a polarization
adjusted for each diffraction peak to maintain the orienta-
tion of the electric field of the pump pulse inside of the
crystal perpendicular to the c axis of the unit cell [15]. The
energy of the pump pulse was also adjusted to keep the
absorbed fluence constant at 1:2 0:2 mJ=cm2. Total
measurement time for each reflection varied depending
on the diffraction efficiency but was typically around 8 h.
Figure 2 shows the diffracted intensity as a function of
pump-probe delay time for several diffraction peaks. For
this geometry, the estimated time resolution of the experi-
ment is 200 fs. By inverting Eq. (2) for these data, we
obtain the normal mode coordinates and hu2i as a func-
tion of pump-probe delay time, shown in Fig. 3. The Q01
coordinate corresponds to the A1 symmetry coherent mode
previously inferred from optical reflectivity measurements
[16–20]. In contrast to these optical measurements, our
x-ray diffraction data allow us to estimate directly the
magnitude and direction of this motion. Here we clearly
see a sudden increase in the quasiequilibium value of Q01
by 1.2 pm, equivalent to an increase in the helix radius by
0.7 pm. This change drives a coherent phonon (vibrational
mode) with frequency 3.44 THz. Hunsche et al. [18] have
suggested that laser excitation causes a decrease in Q01
based on a comparison of single-wavelength optical reflec-
tivity data with the temperature dependence of the struc-
ture, a method first employed by Cheng et al. [21] to
discuss the coherent dynamics of Ti2O3. This comparison
may be misleading since it assumes a one-to-one corre-
spondence between the nonequilibrium photoexcited state
and the equilibrium state of the crystal at an elevated
temperature. Density functional theory (DFT) calculations
which consider the high electron-hole density created by
intense photoexcitation [22] have predicted an increase in
Q01, a finding consistent with our direct measurement of
the lattice dynamics.
FIG. 2. Summary of femtosecond diffraction data from excited
tellurium. All data were taken at a grazing incidence angle of
0.45. The set of measured diffraction planes have been selected
to form a linearly independent set that can be used to solve for
the dynamics of the unit cell.
FIG. 1 (color online). Equilibrium unit cell structure and zero
wave vector optical eigenmodes of tellurium. (a) The hexagonal
unit cell of tellurium (a ¼ 4:456 A, c ¼ 5:921 A), showing the
three basis atoms arranged along a screw axis parallel to the c
axis. With this choice of origin, the basis atoms are located at (x,
0, 0) (0, x, 13 ), and (x, x,  13 ), where x ¼ 0:2636 at room
temperature [12]. (b) The eigenmodes of the -point optical
modes in tellurium [13] viewed as a projection onto a plane
normal to the c axis of the unit cell.
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The solid line superimposed on theQ01 data of Fig. 3 is a
fit of the data to a simple model of displacive excitation for
a fixed vibrational frequency and exponential damping
constants for both the oscillation amplitude and the quasi-
equilibrium value ofQ01 after convolution with a Gaussian
with full width at half maximum (FWHM) of 200 fs to
account for the temporal resolution of the measurement
[16]. This convolution reduces the magnitude of the co-
herent oscillations by a factor of 6. The fitted frequency of
3:44 0:02 THz compares well with the 3.42 THz mea-
sured in optical reflectivity measurements by Hunsche
et al. at nearly the same absorbed fluence [17]. The oscil-
lation damping time is 1:4 0:2 ps, which is somewhat
higher than the damping time of 1:05 0:2 ps estimated
from the Hunsche et al. optical measurements. One pos-
sible contribution to this damping time is the depth inho-
mogeneity of the probed region of the sample: as the
distance from the surface increases, the excited carrier
density decreases and causes the mode frequency to shift
toward its equilibrium value of 3.6 THz. The longer damp-
ing time in the x-ray data may be because the 39 nm probe
depth of the x ray is slightly shorter than the 58 nm
absorption depth of the optical probe [24]. To quantita-
tively estimate this effect and to separate it from other
decay mechanisms (e.g., anharmonic decay) would require
very accurate measurements at many different x-ray inci-
dence angles [25].
The observed magnitude of the Q01 dynamics may be
compared against the DFT calculations of photoexcited
tellurium by Tangney and Fahy that assume the carrier
density is a constant of motion in the crystal [22]. These
calculations predict a relationship among the carrier den-
sity, the quasiequilibrium value of Q01, and the frequency
of the oscillations. For the first 1.5 ps after excitation, when
the oscillations are largest, our data show a quasiequili-
brium shift of 1:15 0:15 pm. For this shift, the DFT
predicts a frequency softening of 0:19 0:02 THz rela-
tive to the frequency in thermal equilibrium. This agrees
with our measured frequency softening of 0:16
0:03 THz. The calculations also predict that the excited
carrier density under these conditions is ð2:9 0:3Þ 
1020 cm3. Although the carrier density is not measured
in this experiment, we estimate from the absorbed fluence a
carrier density of ð3:7 0:6Þ  1020 cm3 at 1–2 ps after
excitation, averaged over the probe depth and taking into
account losses from carrier diffusion [22,25].
The other vibrational coordinates depicted in Fig. 3
show no dynamics at levels beyond what might be ascribed
to systematic errors arising from small differences in the
absorbed pump fluence among the measured diffraction
peaks (approximately equivalent to the magnitude of the
error bars). Coherent dynamics of some of these modes
have been observed in optical pump-probe measurements,
excited by the transient electric fields created by the differ-
ent diffusion rates of electrons and holes [26]. While these
modes are probably excited to some extent in our experi-
ment, we conclude that the amplitude of these vibrations is
too small to detect from these data.
The changes in hu2i shown in Fig. 3 show an increase
in the atomic position variance over time, probably from a
combination of excited-state softening of the acoustic
mode frequencies [27] and incoherent energy transfer
(heating) from photoexcited carriers. At 3 ps after excita-
tion, the observed hu2i  55 pm2 corresponds to an in-
crease of 11% over the equilibrium value of hu2i ¼
490 pm2 estimated from static x-ray diffraction measure-
ments [12]. As a rough qualitative guide, we can use a
simple high-temperature Debye model that assumes ther-
mal equilibrium within the lattice is maintained at all
times and write hu2ðtÞi ¼ 9kBT=2M!D2, where kB is
Boltzmann’s constant, T is the lattice temperature, M is
the atomic mass, and !D is a Debye frequency. In this
model, the observed increase in the atomic position vari-
ance can be caused by an increase in T, a decrease in !D,
or a combination of the two. In the real crystal, the lattice
temperature T is not defined for times after excitation less
than or comparable to a typical acoustic mode period, but
this can in principle be generalized to a concept of an
increase in the total energy of the phonon system without
requiring a thermal population distribution. As previously
shown in other materials [7,25], both the frequency soft-
ening and incoherent energy transfer to the lattice are
likely to contribute significantly to the observed increase
in lattice disorder.
〈 〉
〉
〈
FIG. 3. Phonon mode and mean-square displacement dynam-
ics of photoexcited tellurium. An inversion of the diffraction data
from Fig. 2 allows a complete solution of the unit cell dynamics,
equivalent to tracking the 3D position of each basis atom with
200 fs time resolution. See the EPAPS supplement [23] for
animated movies derived from this solution. The solid line
superimposed over the Q01 data shows the results of a fit to a
displacive excitation model discussed in the text.
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We emphasize that the unique aspect of this experiment
compared to previous studies is the ability to make a fully
model-independent characterization of the dynamics of the
Te unit cell. Measurement of the dynamics of only one or
two diffraction peaks can offer a useful comparison to a
preexisting model of the dynamics, but in the absence of
such a model the dynamics cannot be understood unless
there are sufficient data to make a full reconstruction of the
unit cell. The A1 symmetry expansion of the helix radius
cannot be directly inferred from data from a subset of the
reflections shown in Fig. 2, since it is not in principle
possible to distinguish the A1 motion from the contribu-
tions of other vibrational modes and the changes in the
atomic variance. Since displacive excitation of other opti-
cal modes is known to occur [26], we require a full dy-
namical unit cell reconstruction to quantify the A1 mode
contribution and to place an upper bound on the excitation
of the other eigenmodes of the unit cell.
Grazing incidence femtosecond x-ray diffraction offers
great potential to explore the complete dynamics of crys-
tals on the fastest time scales relevant for structural motion.
In the specific case of tellurium, these measurements ap-
pear to validate quantitatively the magnitude and character
of lattice motion predicted from DFT models of the
excited-state dynamics. More generally, this method al-
lows us to experimentally map out the interatomic bond
strength and structural dynamics of materials far from
thermal equilibrium. In the near future, much more bril-
liant and short x-ray pulses produced by x-ray free electron
lasers will allow the accurate measurement of the unit cell
dynamics of more complex crystals, where precise mea-
surements of100 distinct reflections are necessary but in
principle possible with 102–104 times greater flux com-
pared to the current source. Such measurements can pro-
vide critical insight into the workings of the highly
correlated systems that are currently a central focus of
condensed matter physics and materials science [28].
These experiments were performed on the X05LA beam
line at the Swiss Light Source, Paul Scherrer Institut,
Villigen, Switzerland. We thank D. Grolimund and C.
Borca for assistance during experiments.
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